If the tensor-to-scalar ratio r of cosmological perturbations takes a large value r ∼ 0.1, which may be inferred by recent BICEP2 result, we can hope to determine thermal history, in particular, the reheating temperature, TR, after inflation by space-based laser interferometers. It is shown that upgraded and upshifted versions of DECIGO may be able to determine TR if it lies in the range 6 × 10 6 < TR < 5 × 10 7 GeV and 3 × 10 7 < TR < 2 × 10 8 GeV, respectively. Although these ranges include predictions of some currently plausible inflation models, since each specification can probe TR of at most a decade range, we should determine the specifications of DECIGO with full account of constraints on inflation models to be obtained by near-future observations of temperature anisotropy and B-model polarization of the cosmic microwave background radiation.
After more than three decades from its original proposal [1, 2] , the inflationary cosmology is now confronting and passing a number of observational tests. Among its generic predictions, the spatial flatness and generation of almost scale-invariant spectrum of curvature perturbations [3] were first confirmed by precise measurements of the cosmic microwave background radiation (CMB) by WMAP [4, 5] and are now being updated by Planck [6, 7] . The Gaussian nature of these fluctuations has also been further confirmed recently by Planck [8] .
In March 2014, the BICEP2 collaboration [9] reported detection of the B-mode polarization of CMB over a fairly wide range of angular multipoles from ℓ ≃ 40 to 350. The higher multipole range can be explained by gravitational lensing while the smaller multipoles are interpreted as owing to the long-wave gravitational waves of primordial origin, most likely from the tensor perturbations generated quantum mechanically during inflationary expansion stage in the early Universe [10] . If what they measured had not been contaminated by foregrounds, it would correspond to the amplitude of the tensor-to-scalar ratio as r = 0.20
+0.07
−0.05 [9] . Note that r is related with the energy scale of inflation as V = (3.2 × 10 16 GeV) 4 r. This value, on the other hand, is larger than that expected by the constraints imposed by WMAP [5] and Planck [7] in terms of temperature anisotropy and E-mode polarization, because they reported 95% upper bounds on r as r < 0.13 and 0.11, respectively, and that the likelihood contours in (n s , r) plane preferred the tensor-to-scalar ratio significantly smaller than 0.1. As a result, models predicting tiny values of r such as r ∼ 10 −3 had been investigated extensively including the curvature square inflation [2] and the original Higgs inflation model [11] , which occupy the central region of the likelihood contours. These models would be ruled out if large tensor perturbation would be observationally established 1 . After the original announcement of BICEP2, several analyses of the effects of dust contamination have been done, and it has been pointed out that they may be so large that the observed B-mode polarization may be entirely due to the dust foreground [15] and we only have an upper bound on r.
In any event, the BICEP2 observation has reminded us the lesson that the truth may not lie in the center of the likelihood contour and we should remain open-minded until the final result is established. Hence here we consider the case with r close to its observational upper bound r ∼ 0.1. The most plausible feature of a relatively large value of r is that direct observation of tensor perturbations becomes more feasible by future space-based laser interferometers such as DECIGO [16] , which also allow us to extract useful information on the thermal history after inflation [17] . For example, information on reheating is imprinted in the gravitational wave spectrum in the frequencies corresponding to the energy scale of reheating. Thus, the targeting frequency of the experiment is a key for determining reheating temperature and would be better to be adjusted once we obtain a hint about reheating from either cosmology or particle physics. In this paper, we discuss the range of the reheating temperature which can be determined by DECIGO and its upgraded and ultimate versions based on the updated sensitivity curves than that used in [18] . We also consider a specification whose sensitivity is shifted to higher frequencies and see how the range of reheating temperature changes.
Specifically, we first consider the chaotic inflation model [19] driven by a massive scalar field for which sensible particle physics models exist [20] . This model predicts tensor-to-scalar ratio r = 0.13 ∼ 0.16 at N = 60 ∼ 50 e-folds before the end of inflation, and so fits the lower tail of the BICEP2 result well, which may also be allowed by WMAP and Planck observations, if not preferred. Just in case a significant fraction of the BICEP2 result is due to the dust foregrounds, we also consider a natural inflation model with the symmetry breaking scale v = 7M P l , which predicts r = 0.07 ∼ 0.09, for comparison [21] . Here M P l is the reduced Planck scale.
As usual, we incorporate tensor perturbations h ij to spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime as
where a(t) is the scale factor, τ is the conformal time, and indices i, j run from 1 to 3. We impose transverse-traceless condition on h ij , ∂ i h ij = 0 = h i i . We perform Fourier expansion as
where the polarization tensor ǫ
which is the same as the Klein-Gordon equation for a massless minimally coupled scalar field, we can quantize it during inflaton using the conventional wisdom of quantum field theory in curved spacetime [10] . Here H is the Hubble parameter and a dot denotes time derivative. As a result, we find a nearly scale-invariant long wave fluctuation as an initial condition [10] with the amplitude
where H(t k ) is the Hubble parameter during inflation when k-mode left the horizon, and the prefactor is determined by the canonical quantization based on the Einstein action. This weak wavenumber dependence may be incorporated by Taylor expansion with respect to ln(k/k * ) as
Here k * is a pivot scale where the tensor-to-scalar ratio r(k * ) is formally defined by
with ∆ 2 s (k * ) being the square amplitude of curvature perturbation at the pivot scale k * . Planck takes k * = 0.002Mpc −1 [6] . In a single-field slow-roll inflation model with a potential V [φ], coefficients in (5) as well as r are given by the slow-roll parameters,
as
respectively. In order to obtain the accurate amplitude of gravitational waves at the direct detection scale ∼ 1Hz, (5) is insufficient and we must continue Taylor expansion up to sixth order [22] . Then it agrees with the full numerical solution of the mode equation for the models we consider here [23, 24] . In this paper, we use the sixth-order Taylor expansion [22] in order to save the computation time.
The field equations for φ are given as
during inflation, and
in the field oscillation regime where ρ r is the radiation energy density and Γ is the decay rate of the inflaton that determines the reheating temperature. In the mid and late field oscillation regime when the mass term dominates the potential, the scalar field equation is replaced by
During slow roll inflation,φ and kinetic energy term are negligible and we can find a well known slow-roll analytic solution for the massive chaotic inflation [19] with a quadratic potential
We can express the number of e-folds N ≡ ln(a end /a) as
Then the slow-roll parameters and r are given in terms of N ,
All the higher derivative slow-roll parameters including ξ V are equal to zero. From the numerical solution of field equations, we can calculate the number of e-folds of inflation after the pivot scale k * left the Hubble radius as
From (14) and (15), we can obtain the reheating temperature modulo dilution factor once the tensor-to-scalar ratio is measured as
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Later each mode evolves as
in a power-law background a(t) ∝ t p with p < 1. Here J n (x) is a Bessel function. Thus the amplitude of h λ k (t) remains constant in the super-horizon regime and it starts to decrease inversely proportional to the scale factor after horizon crossing, so that the energy density of gravitational waves,
decreases in the same way as radiation for modes well inside the horizon.
We define density parameter of gravitational waves of each logarithmic frequency interval as
where T h (k) is the transfer function given by
Here the subscripts 0 and in refer to the values at the present time τ 0 and at the epoch when k-mode reentered the Hubble radius, respectively. g * and g * s represent the effective numbers of degrees of freedom for energy and entropy densities with their current values given by g * 0 = 3.36 and g * s0 = 3.90, respectively. We take τ 0 = 2H
0 , which is the right expression for matter domination, and incorporate the effect of dark energy by the factor Ω m = 1 − Ω DE . In the limit kτ 0 ≫ 1 in which we are interested, we can replace the square of the spherical Bessel function by averaging over the period as
The first transfer function T 1 (x eq ) represents the effect of transition from the radiation to the matter domination [25] , while the second one T 2 (x R ) stands for that from the field oscillation regime to the radiation dominated era at the reheating just after inflation [26] . They are explicitly given by [27] 
with x eq = k/k eq and k eq ≡ τ
7 GeV), respectively. Here k R is related with the current frequency
This is the frequency where the spectrum of stochastic gravitational wave background is bent and the reheating temperature is encoded. The density parameter therefore behaves as Ω GW (f, t 0 ) ∝ f −2 (f 0 ) for the mode which enters the horizon in the matter (radiation) dominated regime. More generally, for modes entering the horizon when the equation-of-state parameter or the ratio of pressure to energy density was w, its frequency dependence reads
The above is the case where the Universe evolves adiabatically after reheating at the end of inflation. If there is additional entropy production from a decaying matter component χ like Polonyi [29] or moduli fields [30] which temporarily dominates the cosmic energy density, short-wave gravitational radiation is diluted and k R is modified [17, 26] . In terms of the dilution factor,
we find the transfer function in this case as
where [28] 
and x F R , x χ , and x χR are given by
with
The Universe is dominated by χ in the regime modes with k χ < k < F 2/3 k χ enter the horizon. For wavenumber k χR < k < k R , which corresponds to the mode entering the horizon in the radiation dominated era before χ-domination, the energy density of the gravitational waves is suppressed by the factor ∼ (k χ /k χR ) 2 = F −4/3 [17] . We also note that the frequency where the spectrum bends due to the reheating is modified as
as is clear from the above discussion. Furthermore in the presence of late-time entropy production (15) and (16) are modified as
respectively.
We analyze the detectability of T R in terms of the Fisher information matrix approach following [18] (see also [31] [32] [33] ), and discuss improvements of specifications of DECIGO to increase the measurable range of T R .
Suppose that the stochastic gravitational wave background Ω GW (f, t 0 ) depends on parameters p i . Then since its detection is done based on cross correlation of two (or more) detectors, the Fisher matrix element F ij is determined by their noise power spectra N I (f ) as
where T obs is observation time and γ IJ (f ) is the overlap reduction function determined by the survey configuration [34] . Here we take f cut = 0.1Hz unless otherwise stated, below which the signal may be contaminated by noise from cosmological white dwarf binaries [35] . We set f max = ∞, but this choice is largely irrelevant to the final result since the high-frequency range is limited by the noise spectrum as shown in [18] . We consider two sets of Fabry-Perot type DECIGO (FP-DECIGO) each consisting of three satellites with an equilateral triangular configuration. The overlap reduction function is given as
where ∆x is the separation between the two detectors and F A I (f, Ω) is the detector pattern functions. For details, see e.g. [36] .
The noise power spectrum consists of three mutually independent major components, namely, laser shot noise, S shot , radiation pressure noise, S rad , and acceleration noise, S acc . The noise spectrum of two sets of identical detectors is given by
As with the ground-based Fabry-Perot type interferometers, they depend on the arm length L, the laser power, P , the laser wavelength, λ, the mirror mass, M , the finesse, F etc. The shot noise and the radiation pressure noise are given by
respectively, where c and are explicitly shown for clarity [37] . Here the cut off frequency f c is given by
The finesse, which is the ratio of the resonance separation to the resonance width, and the effective laser output power P are given by the reflectivities of the two mirrors, r F and r E , the former referring to the front mirror closer to the laser and the latter the end mirror, and the transmutation rate t F of the front mirror as
These parameters are related to L, λ, and the mirror radius R as follows.
Here r G is the fraction of photons of the ideal Gaussian beam received by the mirror, and r F m and r Em denote intrinsic reflectivity of each mirror. We take r 2 F m = 0.9999 and r 2 Em = 0.67 below. The acceleration noise, on the other hand, is set to take smaller values than the radiation pressure noise with the effective strain
that is, S 1/2 rad (f )/3 at lower frequencies [38] . Since the maximum measurable reheating temperature is determined by sensitivities at higher frequency, the acceleration noise is actually irrelevant in the subsequent discussion, and the dominant source of detector noise in the relevant frequency range is the shot noise.
The original DECIGO assumes L = 10 3 km, P = 10W, λ = 532nm, M = 100kg, and R = 0.5m. With 3 year observations, it will achieve the best sensitivity Ω GW = 7.2 × 10 −16 at f = 0.2Hz, corresponding to the effective strain h = 2.8 × 10 −25 . Since this is not sufficient to remove foreground contamination from neutron star binaries [39] , upgrade of specifications to achieve three times better sensitivity has been discussed which takes L = 1.5 × 10 3 km, P = 30W, λ = 532nm, M = 100kg, and R = 0.75m. Then the best sensitivity Ω GW = 3.2 × 10 −16 is achieved at f = 0.5Hz corresponding to h = 3.0 × 10 −26 . In order to keep the same level of sensitivity to Ω GW (f ) at higher frequencies, we must suppress the noise power spectrum N I (f ) in proportion to f −3 . To reduce the sensitivity at high frequencies, the shot noise is more important than the radiation pressure noise. To suppress the former, we should decrease the laser wavelength λ or increase the power P , F , and L. However, as we increase F L, f c becomes smaller and the frequency range of our interest falls above f c where S shot (f ) does not depend on F nor L. Thus the magnitude of the shot noise can only be controlled by λ andP in the relevant range.
Of course, λ cannot be set arbitrary small. Let us tentatively take a deep UV wavelength λ = 157nm. Lasers with this wavelength and mirrors with high reflectivity for this band are commercially available now, but stability and high enough power are challenges to be solved by the time when DECIGO will be put into practice in the coming decades. With λ = 157nm and the laser power P = 300W, we could achieve a sensitivity of Ω GW at f = 2Hz similar to that of the upgraded DECIGO at f = 0.5Hz. If we should stick to λ = 532nm, we could obtain the same noise curve by boosting the power to P ≃ 1kW since both S shot (f ) and S rad (f ) depend on the combination P/λ only. In this case, we must take R = 1.38m to preserve r G . Hereafter we shall call this specification the upshifted DECIGO and label it as f max = 2Hz in the figures to avoid confusion. Figures 1 represent sensitivity of three types of FP-DECIGO in terms of the strain (left panel) and Ω GW (f ) of the stochastic gravitational wave background for 3 years of observation.
Using the above set up, let us first consider the case of chaotic inflation [19] with a quadratic potential (12) . From  Figs. 2, we find that the maximum value of the reheating temperature that can be determined with σ TR < T R is T R = 5.2 × 10 7 GeV for the upgraded DECIGO and T R = 2.1 × 10 8 GeV for the upshifted DECIGO f max = 2Hz, where σ 2 TR is the variance of the measurement error. Thus by improving the specification, we can improve the upper limit of the measurable reheating temperature by a factor of 4. We also note that the low frequency cutoff at f cut = 0.1Hz due to contamination of white dwarf binaries does not affect the sensitivity to measure T R as long as we pay attention to the range σ TR < T R . Here we have taken Planck+WP+highL+BAO mean values of cosmological parameters, Ω Λ = 0.692, Ω m h 2 = 0.141, h = 0.678 and ∆ 2 s = 2.21 × 10 −9 at k = 0.05Mpc −1 which corresponds to ∆ 2 s = 2.51 × 10 −9 at our pivot scale k * = 0.002Mpc −1 for n s = 0.9608 [6] . Since the combination of λ and P is already ambitious enough, we cannot hope to go further to achieve the desired sensitivity of Ω GW at even higher frequencies. Because we need the strain sensitivity S h must be improved In the left panel, we show the strain sensitivity for one set of detectors (thin curves) and the effective strain sensitivity obtained assuming a 3-year cross-correlation analysis between two sets of detectors (thick curves). In the right panel, we only show the sensitivity curves for the cross-correlation analysis. in proportion to f −3 , it is really difficult to accurately probe almost scale-invariant stochastic gravitational wave background at higher frequencies. Just for completeness, we also consider the ideal case of the ultimate-DECIGO whose noise curve is determined by the quantum limit, with the following specifications: L = 5 × 10 5 km, M =100kg, λ = 532nm, P = 10MW, and R = 3m, and compare with the above results. Figure 3 depicts the uncertainty in the measurement of T R in three specifications of DECIGO. For this particular inflation model one can determine the reheating temperature by using the relation between the amplitude of tensor perturbation and N through (14) and (15) even without observing the spectral bend due to the change of the equation of state during reheating regime. This is why σ TR saturates at higher T R for which f R is beyond the observable range. In practice, we do not know the exact shape of the inflaton potential a priori, hence this saturation should be regarded as an artifact of our analysis using a specific model of inflation from the beginning. Fortunately, however, our results of the measurable ranges of T R within one σ TR accuracy are not affected by this as seen in Fig. 3 , whose numerical values are shown in Table I . Next we consider natural inflation [21] with a potential
As a specific example, we take v = 7M P l for which (15) practically applies [24] . In this model, the tensor-to-scalar ratio r corresponding to the number of e-folds N is given by
so we find r = 0.091 for N = 50 and r = 0.067 for N = 60. In Figs. 4 and 5, detectability of T R in this model is depicted. Saturation at higher T R should again be regarded as an artifact, but it does not affect the one σ TR range, which is shown in Table II . As is seen there, as far as the upper limit is concerned, the improvement from upgraded FP-DECIGO to the upshifted FP-DECIGO is larger than that from the upshifted specification to ultimate DECIGO, although the lower limit also shifts to a higher value in the former case.
Next we consider the case additional entropy production occurs after reheating stage. Figures 6 depict detectability of gravitational waves in the case F is larger than unity in chaotic inflation. Figures 7 are for the case of the natural inflation with v = 7M P l . As is seen there if F is significant, only ultimate DECIGO can measure the inflationary tensor perturbation.
Let us summarize the results so far. The upgraded DECIGO and the upshifted DECIGO with f max = 2Hz can measure the reheating temperature if it takes a value within a factor 10 from 5×10
6 GeV or 3×10 7 GeV, respectively. With an appreciable amount of entropy production it would be formidable to detect the tensor perturbation itself, not to mention the detectability of T R without ultimate DECIGO. Hence let us assume F = 1 below and consider the implication of the range of T R measurable by the upgraded or upshifted DECIGO.
Natural inflation (v = 7M P l ) First of all, a large enough r to make direct detection of inflationary gravitational waves by DECIGO possible means high scale inflation. Thus one may naively think that the reheating temperature is also high, which may not be the case as we argue now. As discussed in [40] , high scale inflation means large excursion of the inflaton well beyond M P l . To stabilize the inflaton potential over such a large field range we need some kind of symmetry, which may also constrain the coupling between the inflaton and matter fields to delay reheating.
The simplest example is natural inflation which is based on the Nambu-Goldstone symmetry. It is natural to suppose that matter coupling with the inflaton is also protected by this symmetry and typical coupling of the inflaton is suppressed by v −1 , so that on dimensional grounds the decay rate of the inflaton reads
where M ≡ Λ 2 /v is the inflaton mass at the origin [21] . This yields T R as
for v = 7M P l where g is a coupling constant. Chaotic inflation, on the other hand, is also naturally realized introducing a shift symmetry φ → φ + iC with C being a real number [41] . For example, let us take the Kähler potential and superpotential as
where φ denotes the inflaton superfield whose imaginary component is regarded as the inflaton, X is a singlet chiral superfield and H u and H d are up-and down-type Higgs doublets, respectively. In this minimal setup, the reheating 
Importantly, the smallness of the coupling constant |y| 10 −6 is required from the successful inflaton dynamics so that the Higgs fields should not become tachyonic during inflation [42] .
Finally, we comment on the particle-physics aspects to determine the reheating temperature. In supersymmetric (SUSY) theories, the abundance of the gravitino is proportional to the reheating temperature [43] : 
where n 3/2 and s are the gravitino number density and the entropy density, m 3/2 (mg) denotes the gravitino (gluino) mass. Hence the reheating temperature is bounded from above depending on the gravitino mass [44, 45] . It is interesting that the mass of the Higgs boson discovered at the LHC may imply relatively high scale SUSY [46] [47] [48] of m 3/2 ∼ 100 − 1000 TeV. In this scenario, the upper bound on T R reads T R 10 9 − 10 10 GeV so that the Winos produced by the gravitino decay should not be overabundant.
2 This upper bound is close the sensitive range of the DECIGO as shown above. If the upgraded LHC discovers supersymmetry in near future, we will be able to obtain more useful information on the reheating temperature from these particle physics considerations. Needless to say, further observations of CMB temperature anisotropy and B-mode polarization in near future will also provide us with invaluable information on the tensor amplitude at the DECIGO band as well as to determine the model of inflation.
Hence we should watch these progress to design the specifications of DECIGO to extract maximal cosmological information, so that it can determine when the Big Bang happened.
